Purpose. This study aimed to evaluate the effect of two types of stress, cold and nutritional, on the viability and the in vitro virulence of the foodborne pathogenic bacteria Listeria monocytogenes.
INTRODUCTION
Listeria monocytogenes is an intracellular foodborne pathogenic bacterium that is capable of causing severe infections that primarily affect immuno-compromised individuals, infants, elderly people and pregnant women. In 2015, the 28 member states (MS) of the European Union (EU) reported 2206 confirmed human cases of listeriosis. There was a statistically significant increasing trend for listeriosis over [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . Nineteen MS reported 270 deaths due to listeriosis in 2015, which was the highest number of annual deaths reported since 2008. The EU case fatality was 17.7 % among the 1524 confirmed cases with known outcomes [1] . Thirteen L. monocytogenes serotypes have been identified, and not all have the same ability to infect humans. In fact, a limited subset (serotypes 1/2a, 1/2b, and 4b) is responsible for a large proportion of clinical cases worldwide [2] .
The optimum temperature for the growth of L. monocytogenes is within the range of 30 to 37 C, but this bacterium has the ability to grow at temperatures of 1 to 45 C [3] . The survival of L. monocytogenes under diverse environmental stresses contributes significantly to the niche persistence of some strains in equipment and utensils, resulting in the cross-contamination of food products. Therefore, after initial contamination, its presence can be relevant to the food industry environment or food matrices if the intrinsic and extrinsic factors allow its survival and/or growth. Listeriosis is often acquired by the consumption of ready-to-eat (RTE) foods that have been exposed to the processing environment after the application of a listericidal process and prior to packaging [4] . RTE foods normally have a long shelf-life under refrigeration, and the presence of L. monocytogenes at any level may, therefore, be of significance [5] . As a foodassociated environmental micro-organism, it is conceivable that L. monocytogenes may face periods of sustained nutrient deprivation alongside cold stress, since low temperatures are present throughout the food chain, in food and in food contact surfaces. The effect of cold stress on the viability and virulence of this bacterium in this context is thus of particular interest with regard to microbiological food safety.
Several virulence determinants are involved in Listeria pathogenesis. One of these is protein InlA, encoded by inlA, which is responsible for the binding and invasion of the host intestinal cells. Another is listeriolysin (LLO), the product of hly, which is involved in bacterial escape from the internalization vacuole of the eukaryotic cells (reviewed in [6] ). While hly is activated by PrfA, a transcriptional activator of key virulence determinants, inlA is activated by both PrfA and by the stress-responsive alternative sigma factor, SigB (s B ) [7, 8] . Although some reports on the effect of cold stress on the virulence of L. monocytogenes, growing in culture medium, have been published, these results are not always in agreement, as both increased [9, 10] and unchanged virulence [11] have been reported. Nevertheless, experiments performed at low temperatures in the absence of growth are sparse and, to the best of our knowledge, have never been performed using human intestinal cell lines. The aim of this work was to study the response of L. monocytogenes after exposure at 7 and 37 C, under nutrient starvation, by analysing the in vitro virulence of 10 isolates, with the human intestinal cell line HT-29, as well as their viability under the same conditions.
METHODS

L. monocytogenes isolates and culture conditions
This study used 10 L. monocytogenes isolates that are fairly representatives of the species, corresponding to 8 pulsotypes from different origins (Table 1) . These isolates were randomly collected in Portugal and included two clones (pulsotype 6) of a strain from serotype 4b ( Table 1 ) that were persistently collected from three different dairies over a 1-year period [12] . EGDe strains (from Pascale Cossart, Institut Pasteur) and 442 (from Sylvie Roche, INRA -Institut National de la Recherche Agronomique, Tours) are used routinely as reference virulent and low virulence strains, respectively [13, 14] . The isolates were kept in tryptic soy broth (Biokar Diagnostics, Beauvais, France) with added (15 %) glycerol, and stored at À80 C until use. Before each test, the bacteria were subcultured onto trypticase soy agar with 0.6 % (w/v) yeast extract (TSA-YE) (Biokar Diagnostics, Beauvais, France) for 18 h at 37 C.
Multiplex PCR (MPCR) serotyping and PFGE sub-typing Two L. monocytogenes isolates that had not previously been pulsotyped or serotyped were characterized in this work (Table 1) . Serogrouping was performed according to Doumith et al. [15] by multiplex polymerase chain reaction (MPCR) using lysates obtained from bacterial colonies as the PCR templates, based on sequence data from Doumith et al. [16] .
Pulsotyping was performed after separate DNA macrorestrictions with Asc I (New England Biolabs, Massachusetts, USA) and Apa I (Roche Diagnostics, Mannheim, Germany) and subsequent fragment resolution was performed using pulsed-field gel electrophoresis (PFGE) in accordance with the Pulse-Net standardized protocol [17] . Image acquisition and normalization by aligning the peaks of the size standard strain Salmonella enterica serovar Braenderup H9812, which was loaded on three lanes in each gel, was performed as described in Neves et al. [18] .
In vitro test of virulence
Cell lines and culture conditions The human adenocarcinoma cell line HT-29 (ECACC no. 91072201) was used between passages 55 and 80. Cells were ) L-glutamine (Gibco) (complete medium). L-glutamine was used for the cell proliferation and the concentrations used normally ranged from 0.5 to 10 mmol l À1 [19] . A mixture of penicillin 100 IU ml À1 and streptomycin 100 µg ml À1 (Sigma, St Louis, USA) was always added to the complete medium, with the exception of that used 24 h prior to the virulence assays. The cells were always kept under a humidified atmosphere of 5 % (v/v) CO 2 in air using an incubator at 37 C (ShelLab, Oregon, USA).
In vitro virulence and viability before and after exposure to different temperatures The procedures for the plaque-forming assay (PFA) in 96-well tissue culture microplates were as described elsewhere [13, 14, 20] , with appropriate modifications. Briefly, pure colonies of each Listeria isolate grown overnight on TSA-YE at 37 C were used to inoculate 20 ml of TSB medium. After overnight incubation at 37 C, the cultures were centrifuged (3 000 g, 5 min). The bacterial pellet was washed twice with 20 ml of phosphate-buffered saline (PBS) in the same conditions, and the pellet was resuspended in 20 ml of PBS. The concentration of the bacterial suspensions was adjusted to an initial estimated concentration of 4Â10 8 colony-forming units (c.f.u.) ml À1 in complete medium (final volume of 1 ml) and decimal dilution series (up to 4Â10 3 c.f.u. ml
À1
) were prepared accordingly. For initial virulence determination, HT-29 cell monolayers were immediately infected with 25 µl of each of these dilution series of Listeria per well, and incubated for 2 h at 37 C.
To evaluate the time of exposure at 7 and 37 C in the virulence of the isolates, the bacterial suspensions were adjusted to an initial estimated concentration of 8Â10 8 c.f.u. ml À1 in PBS (final volume of 0.5 ml). This was done because before the HT-29 cell monolayers are infected the bacterial suspensions in PBS must be added with complete medium up-concentrated (2Â) to reach the final maximum estimated bacterial concentration of 4Â10 8 c.f.u. ml À1 used to infect the cell monolayers, as well as the complete medium composition. Decimal dilution series (up to 8Â10 3 c.f.u. ml À1 ) of the suspensions in PBS were then prepared and incubated at both tested temperatures for periods of 1 and 7 days. After the respective exposure times, the bacterial dilutions were therefore added immediately with 0.5 ml of upconcentrated (2Â) complete medium and the HT-29 cell monolayers were immediately infected with 25 µl of each of these dilution series of Listeria per well and then incubated for 2 h at 37 C.
After 2 h of contact between the bacteria and the HT-29 cell monolayers, the infecting bacterial suspensions were aseptically removed by using a vacuum aspiration system (VacuBoy, IBS, Integra Biosciences AG, Glur, Switzerland), and the cell monolayers were incubated for 1.5 h with complete medium containing 100 mg ml À1 gentamicin in order to kill extracellular Listeria. After the removal of this medium, each well was then covered with complete medium supplemented with 10 mg ml À1 gentamicin with the addition of 2.5 % (w/v) agarose (Invitrogen). Complete medium was then added on top of the agar medium to prevent cell starvation. The culture plates were incubated under a humidified atmosphere of 5 % (v/v) CO 2 in air for 24 to 48 h at 37 C before the enumeration of the lysis plaques using an inverted microscope (Leica, Wetzlar, Germany). Twenty-four hours after the bacteria were deposited on the HT-29 cell monolayer, wells deemed to be suitable for counting the lysis plaques (where the quantity of infecting bacteria produced countable plaques) were selected. After 48 h of incubation, the enumeration of the plaques was confirmed.
In order to account for the eventual decrease in log c.f.u. after incubation of the bacterial suspensions in PBS at different temperature and time conditions, the values of the plaques of lysis formed in each assay (PFA) were normalized according to bacterial cell viability by confirming the number of viable bacteria deposited per well. This was done immediately before the HT-29 monolayers were infected by duplicate plating the appropriate dilutions of these bacterial suspensions onto TSA-YE, followed by incubation at 37 C for 24 h before the colonies were counted.
For each isolate and condition tested, three biological trials, each with two technical replicates, were performed.
Expression of results and statistical analysis
The viability of the strains after each tested condition was expressed as the mean log of the calculated number of colony-forming units formed per millilitre (log c.f.u./ml). The in vitro virulence of the isolates was consequently expressed as the mean log of the number of plaques formed, and normalized for 10 7 c.f.u. of Listeria per well (log PFA).
Agreement with a normal distribution of the log PFA and the log c.f.u. data was checked using the Anderson-Darling test, and homoscedasticity was confirmed via Levene's test. For each tested isolate, the factors considered were time and temperature of strain exposure. Analysis of variance (ANOVA) was performed for the respective log PFA and log c.f.u. values using multifactorial analysis with the multiple comparison post hoc least significant difference (LSD) test. Statistical analyses were performed using the software Statistica (version 10, StatSoft, USA). For all tests, the confidence level for significance was 95 % (P<0.05).
RESULTS
In order to evaluate the effect of time and exposure temperature on the in vitro virulence and viability of L. monocytogenes under non-growing conditions, 10 isolates from distinct origins were used ( Table 1) . Two of these isolates (4003 and 4011) were de novo characterized in this study by MPCR serotyping and PFGE. These isolates belonged to serogroups 1/2c-3c and 1/2b-3b, respectively. After comparison with former pulsotypes [12, 18] , the isolates were numbered as pulsotypes 37 and 38, respectively (Table 1) .
After 7 days of exposure at the refrigeration temperature (7 C), the log PFA values for the 10 isolates decreased significantly (P<0.05) (Fig. 1) , although this decrease was lower than 1 log PFA for the isolates from serotype 4b (3077, 3172 and 3219), while for isolates from serotype 1/2a this reduction reached values higher than 3 log PFA. For isolates 3046 and 3049 (serotype 1/2a) it was even only possible to determine the initial log PFA value.
At 37 C, the the log PFA values for the isolates also significantly decreased (P<0.05) (Fig. 1) . For isolates 3046, 3049, 4003, as for the low-virulence reference strain, 442, it was impossible to even determine the log PFA value after 7 days of exposure (Fig. 1) . However, the persistent isolate, 3077, was the exception, as it did not show significant changes (P>0.05) in virulence after 1 and 7 days of exposure to 37 C.
After 7 days at 37 C, all of the isolates showed significant decreases (P<0.05) in viability (Fig. 2) . However, after 1 day at 7 C, four strains (3130, 4003, 4011 and 3219) showed a significant decrease (P<0.05), but for the rest of the isolates no significant change (P>0.05) in the number of viable bacteria was detected until 7 days of exposure. The EGDe strain even showed a significant increase (P<0.05) in the log c.f.u., after 7 days in PBS at 7 C (Fig. 2 ).
As shown in Table 2 , the effects of time (1 and 7 days), temperature (7 and 37 C) and time/temperature interaction were highly significant (P<0.01) for the viability of all the Fig. 1 . Mean values of in vitro virulence (log PFA) for each Listeria monocytogenes isolate for different temperatures (7 and 37 C) and exposure times (0, 1 and 7 days) in the absence of nutrients. For each isolate, different letters in the bars indicate significant differences between the mean values of log PFA (P<0.05) obtained in the respective conditions. The error bars represent the standard deviation. For each isolate and condition tested, three biological trials, each with two technical replicates, were performed.
isolates ( Table 2 ). The time factor also had a very significant (P<0.01) effect on the in vitro virulence of all the isolates. With the exception of isolates 442 and 4003, which were shown to be significantly influenced by all if the studied factors, the temperature was not significant for the virulence of seven isolates, and the effect of the interaction between time and temperature was also strain-dependent (Table 2) .
DISCUSSION
The effect of nutrient deprivation on in vitro virulence reduction L. monocytogenes remains a significant cause of foodborne illness among risk groups. However, despite the wide distribution of the micro-organism in the environment and the relatively high frequency of isolation in foods, the incidence of listeriosis is low in the general population (reviewed in [4] ). Different pathogenesis models have been used to assess L. monocytogenes virulence, including non-primate and non-human primate models. These animal models may have differences in the mechanism of listeriosis infection as compared to humans. Human gastrointestinal cell lines, like the one used in this work, have receptors for internalin A, which facilitates the adhesion and internalization of this pathogen (reviewed in [4] ). In the present study, after the exposure of the isolates to nutrient deprivation at both 37 and 7
C, a significant decrease in the in vitro virulence of the isolates was observed. In fact, at 7 C, a refrigeration temperature used in the food industry environment, all of the isolates presented a significant decrease in log PFA values in the HT-29 human epithelial cell line. This type of cell culture assay allows the evaluation of both the adhesion of Fig. 2 . Mean values of viability (log c.f.u./ml) for each Listeria monocytogenes isolate for different temperatures (7 and 37 C) and exposure times (0, 1 and 7 days) in the absence of nutrients. For each isolate, different letters in the bars indicate significant differences between the mean values of log c.f.u./ml (P<0.05) obtained in the respective conditions. The error bars represent the standard deviation. For each isolate and condition tested, three biological trials, each with two technical replicates, were performed. the pathogen to the epithelial cells and also its ability to internalize, multiply inside host cells and spread from one cell to another. Moreover, Roche et al. [14] previously showed agreement between this PFA with HT-29 cells and the infection of immunocompetent mice.
In a foodborne contamination incident following the consumption of contaminated food, L. monocytogenes cells will be exposed for a few hours at 37 C, the temperature of the host. At this temperature, the bacteria face extreme conditions, such as the acidity of the stomach and the bile salts in the intestine. In this process some of them will be eliminated, and some others will respond to these stresses. But a certain number may be protected in different ways, for example by food matrix components in the stomach and/or by LLO-induced mucin exocytosis in the intestinal lumen [21] , and thereby cross the intestinal barrier. During the PFA, the pre-exposed L. monocytogenes are also exposed at 37 C with the HT-29 cells. There was a first period of 2 h contact between the bacteria and HT-29, followed by incubation for 1.5 h in the presence of gentamicin in order to kill extracellular, but not internalized, Listeria. Afterwards, infection proceeded through incubation of the culture plates for 24 to 48 h at 37 C before plaque enumeration.
Some other authors [22, 23] , who used in vivo tests with chicken embryos, also reported a decrease in the virulence of the isolates after refrigeration at 4 C for extended periods of time (up to 4 weeks). Although these authors mainly attributed this decrease in virulence to the refrigeration temperature, the bacterial suspensions used, as in our procedure, were refrigerated under nutrient starvation conditions (PBS). It is thus conceivable that the nutritional stress imposed on the cells was the main reason for the reduced virulence. In 2001, Buncic et al. [24] , who used two groups of isolates belonging to serotypes 1/2a and 4b, concluded that, after exposure at 4 C, the isolates of serotype 4b, as a group, tended to have greater virulence in chicken embryos when compared with isolates of serotype 1/2a, whose virulence decreased more with storage. While in our study the trend of loss of virulence at 7 C was not affected by the origin of the isolates, the decrease in the log PFA values also presented the sharpest reductions for the isolates from serotype 1/2a compared with the isolates of serotype 4b. In the case of strain 4003 (1/2c-3c), the impossibility of determining in vitro virulence after 7 days of exposure at 37 C could be related to a marked decrease in its virulence, a loss of viability, or a combination of both reasons.
One of the possible explanations for the differences observed between strains may lie in s B and PrfA. In fact, as previously mentioned, inlA is co-regulated by s B and PrfA. Data from Ollinger et al. [25] support the existence of a complex s B -PrfA regulatory network that contributes to L. monocytogenes virulence. Under some conditions, PrfA appears to be able to downregulate prfA transcription directly [26] , while s B appears to downregulate the expression of the PrfA regulon by an as yet undefined mechanism [25] . Moreover, transcriptional analyses have provided clear evidence that several virulence and stress-response genes are co-regulated by either multiple alternative s factors, or alternative s factors and other transcriptional regulators. The roles of these regulators seemed to differ among strains [27] .
The effect of temperature on cell viability under nutrient deprivation Durack et al. [28] , when investigating the transcriptional response of three strains of L. monocytogenes, showed that the response to environmental stress is strain-specific, although the physiological adjustments made are similar between strains as well as between stress conditions. It is also known that, in general, s B -dependent gene expression is higher under conditions that might impose physiological stress on the organism. However, this effect may also be strain-dependent. In a previous work, Cabrita et al. [29] observed that when grown in minimal media at 11 C, the relative expression level of sigB was significantly higher in isolate 3077, a persistent clone, compared with the sporadic isolate 3049. Both isolates are also used in the present work. The authors hypothesized that the higher transcript level of sigB in isolate 3077 might confer greater resistance to environmental stresses onto this persistent strain. Our results after 7 days of starvation at 37 C showed a very marked and significant decrease in the number of viable bacteria (between 2 and 4 log c.f.u., depending on the strain). However isolate 3077 was among the strains that suffered a lower reduction in viability (2 log) and in contrast isolate 3049 was among the ones that presented a reduction higher than 4 log c.f.u. In fact, the severe loss of viability at 37 C of some isolates (3046, 3049 and 442) could partly explain the impossibility of determining their virulence when exposed to these conditions. While the virulence of the rest of the isolates decreased significantly after 7 days at 37 C, isolate 3077 did not present significant changes in virulence.
In contrast with the results for 37 C, at the refrigeration temperature the number of viable bacteria decreased slightly after 1 day for some strains, but for the majority of the isolates (6/10) this remained constant after 7 days. This maintenance of the viability of the strains, and indeed the significant increase showed by the EGDe strain, may be related to the existence of cryptic growth. In fact, it has been reported that when the concentration of the bacterial population is high and nutrients are unavailable, the population enters into apoptosis. This debris of dead cells may act as a source of nutrients that are used by other cells to survive and/or to grow [30, 31] . This could account for the results concerning the viability of the EGDe strain at 7 C in particular, but more studies are needed to confirm this hypothesis.
Is increased resistance to nutritional stress induced by cold stress? In general, the reduced cell activity at low temperatures, with reduced growth processes and consequently nutrient intake, may result in better survival in low-nutrition conditions. Furthermore, the results obtained for L. monocytogenes cell viability under nutrient starvation at 37 C and 7 C seem to support the hypothesis of cross-protection, the increased resistance to a subsequent stress induced by the exposure to a nonlethal stress. The results suggest that, in general, the exposure to cold stress (7 C) increased the resistance of the isolates to nutritional stress (cells in PBS), although the extent of this effect was strain-specific. The underlying mechanisms that confer this additional stress resistance may be diverse and, in many cases, they are unknown [32] . Nevertheless, it is possible that in non-hostassociated stressful environments s B definitely contributes to the survival and growth of the species. This might explain the persistence of certain clones, in that they are capable of withstanding and overcoming the imposed challenges, such as low temperature, nutrient deprivation and sometimes unfavourable pH and/or salt stress. These clones may become established for months or years in the facilities as part of the resident microbiota.
Conclusion
In the present work, L. monocytogenes cells were stored in PBS at 7 C or at 37 C. Some of these cells were, therefore, exposed to two types of stress: nutritional stress and cold stress. In previous works using chicken embryos, the decrease in the virulence of non-growing L. monocytogenes cells exposed at refrigeration temperatures was mainly attributed to cold stress. Here, by using a set of representative strains to infect a human epithelial cell line, we show that nutritional stress per se acted significantly in decreasing the virulence of the strains. Although the refrigeration (7 C) for 7 days did not show a particular effect on the viability of the isolates, it significantly (P<0.05) reduced in vitro virulence. In fact, in these conditions, the virulent isolates presented log PFA values that were not significantly different from the log PFA value of the low-virulence reference strain 442 (data not shown). Our results also showed increasing resistance to nutritional stress under the refrigeration temperature. In the food industry, the portions of the processing environment that are most likely to culture positive for Listeria spp. are maintained at cold temperatures and are often under nutrient deprivation. This should be taken into account when making risk assessments for refrigerated RTE foods.
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